Abstract A new nitrogen removal process (up-flow sludge blanket and aerobic filter, USB-AF) was proposed and tested with real sewage. In the USB reactor, the larger part of influent organic and nitrogen matters were removed, and ammonia was effectively oxidized in the subsequent aerobic filter. The role of the aerobic filter was to convert ammonia into nitrate, an electron acceptor that could convert soluble organic matters into volatile suspended solid (VSS) in the USB. The accumulated as well as influent VSS in the USB was finally degraded to fermented products that were another good carbon source for denitrification. Total COD, settleable COD and soluble COD in the raw sewage were 325, 80 and 140mg/l, respectively. Most unsettleable COD as well as some SCOD in the influent was successfully removed in the USB. TCOD removal in the anoxic filter was by denitrification with the recycled nitrate. Low COD input to the aerobic filter could increase nitrification efficiency, reduce the start-up period and save the aeration energy in the USB-AF system. About 95% of ammonia was nitrified in the aerobic filter with no relation to the influent ammonia concentration. Denitrification efficiency of the recycled nitrate in the anoxic filter was about 85, 83, and 72% at recycle ratios of 100, 200, and 300%, respectively. T-N removal efficiency was 70% at recycle ratio of 300%.
Introduction
A typical biological nutrients removal (BNR) process, such as the A 2 /O process, is composed of anaerobic, anoxic and aerobic reactors in series with several internal recycles as well as return sludge. Nitrogen removal in a BNR process can mainly be achieved by nitrification in an aerobic environment followed by denitrification in an anoxic environment in the presence of organic carbon sources (Benefield, 1980) . Two major types of nitrogen removal process encountered in fields are post-and pre-denitrification. Since the greater part of the organic matter in the raw wastewater is always oxidized with ammonia nitrogen at the first aerobic stage in a post-denitrification process, carbon sources such as methanol should be supplied for denitrification. In a pre-denitrification process, influent COD could be used as carbon sources for denitrification, however, oxidized nitrogen in a nitrification stage should be recycled to the front denitrification stage as much as 4 times of the influent flow rate. High recycle ratio requires high pumping energy and decreases concentration gradients of pollutants at every stage of the process. High concentration of dissolved oxygen in the recycled flow also decreases denitrification efficiency (USEPA, 1993) .
The low COD/TKN ratio of most wastewaters could also lower the biological nitrogen removal efficiency. In the literature, the range of the BOD 5 /TKN ratios was 5-10 for 90% removal of total nitrogen in a Bardenpho process (USEPA, 1993) , however, the typical BOD 5 /TKN ratio of sewage was about 3 in Korea.
The economic way to enhance the denitrification efficiency is to use influent organic carbon effectively. One way to effectively use the influent TCOD for denitrification is to supply the fermented products of the settled raw sludge. Several BNR processes have been developed to supply the fermented end products of the settled raw sludge as well as food waste.
Since the 1990s, simultaneous removal of organic carbon and nitrogen has been studied in a single anaerobic reactor by denitrifiers and methanogenic microorganisms (Akunna et al., 1994; Lin et al., 1995) . Until now, many researchers have developed new anaerobic processes where denitrification and methanogenesis reactions occurred simultaneously.
In anaerobic reactors, nitrite and nitrate could be reduced completely with volatile acids (Akunna et al, 1993) . Denitrification is generally believed to occur prior to methanogenesis as long as it is in the presence of nitrate and nitrite (Hanaki and Polprasert, 1989) . The inhibition due to nitrogen oxides in methanogenesis has been considered to have high redox potential, but Chen and Lin (1993) showed that nitrate also suppressed methanogenesis reaction even at low redox potential.
In this research, a new nitrogen removal system composed of an upflow sludge blanket (USB) reactor followed by an aerobic bio-filter (USB-AF) was suggested to remove nitrogen by effective use of the influent organic matters. Nitrogen removal efficiency from the local sewage was monitored at different operation modes in the USB-AF system. Figure 1 shows a schematic diagram of the proposed USB-AF system that had two columns operated at different environments. The diameter of each acryl column was 19 cm and the height was 80 cm, which resulted in a working volume of both the USB and AF of 16 litre. Half-inch plastic pall ring (Gu-jin Chemical Co. Ltd) was packed both in the anoxic and aerobic filters as shown in this figure.
Materials and methods
The USB reactor was mechanically mixed, and excess sludge produced from the aerobic filter was pumped to the USB. For denitrification, 100-300% of the nitrified effluent in the aerobic biofilter was recycled internally to the anoxic biofilter which is packed with pall ring on top of the USB. HRT of the USB and aerobic biofilter were both 12 hr. Figure 1 Schematic diagram of the experimental apparatus; 1, agitator; 2, anoxic filter; 3, aerobic filter; 4, influent; 5, paddle; 6, internal recycle; 7, blower; 8, excess sludge input port; 9, anoxic zone; 10, digestion zone; 11, sampling port Excess sludge was wasted from the USB when the level of sludge layer reached the bottom of anoxic filter. The influent sewage was sampled from a city sewage treatment plant. Table 1 shows the sewage characteristics used in the tests.
The concentration of nitrate and nitrite was determined by an ion chromatograph (Model modular, Metrohm, Switzerland) with a conductivity detector. Other parameters, such as COD, SS were analyzed according to Standard Methods (APHA, 1995) .
Results and discussions COD removal
Total COD (TCOD), settleable COD and filterable (or soluble) COD (SCOD) of the influent sewage were 325, 80 and 140 mg/l, respectively, as shown in Table 2 . Settleable COD, after 30 min settling, could be removed by sedimentation within the USB reactor and partial unsettleable particulate COD could be removed by adsorption and/or flocculation on the settled sludge layer. SCOD might be also removed by fermentation in the USB reactor. TCOD removal efficiency in the USB reactor could be improved by recycling the nitrified effluent from the nitrification filter, which could remove the SCOD further by denitrification. To improve denitrification efficiency, both TCOD in influent and accumulated in the USB reactor should be utilized for denitrification as carbon sources by simple recycling of the nitrate to the USB. Figure 2 TCOD profiles at each stage of the USB-AF system at different recycle ratios Figure 2 shows the TCOD at each step at the different internal recycle ratios. "Anoxic" means the TCOD level after anoxic filter installed on top of USB reactor, where nitrified effluent was recycled to the bottom of the filter. TCOD after anoxic filter was about 30 mg/L independently to the recycle ratios (from 1 to 3) except for the 20 day start-up period. This low COD shows the most unsettleable COD as well as some SCOD in influent can be successfully removed in the USB as expected. During the start-up period, relatively high TCOD after the anoxic filter was due to the low concentration of nitrate in the recycled flow. In 20 days operation, nitrification reached steady state in the aerobic filter on the base of nitrification efficiency, then the COD after anoxic filter decreased to 30 mg/L. Efficient removal of organic carbon in anoxic filter might reduce the organic load of the subsequent aerobic filter, which resulted in increased nitrification rate by eliminating competition of nitrifiers to the typical heterotrophs.
The average TCOD and BOD 5 in the final effluent were about 20.0 mg/l and 6.5 mg/l, respectively, as shown in Table 3 . Sludge blanket in Table 3 means the samples taken from the top of anaerobic sludge blanket. TCOD removed within the anaerobic sludge blanket was mainly due to sedimentation of the settleable COD shown in Table 2 . The calculated values with both influent and recycled COD after sludge blanket in Table 3 were lower than the measured COD. The small increase in TCOD after sludge blanket might be due to the fermentation of the settled sludge, which could be used as a carbon source for denitrification. Most TCOD was removed in the anoxic filter by denitrification with the recycled nitrate as shown in Table 3 .
Nitrification
Influent ammonia nitrogen fluctuated from 25 to 40 mg/l during the operation period. Ammonia nitrogen decreased to more than half of the influent due to dilution effect of the internal recycling before entering the aerobic filter (Table 4) as the recycling ratio increased as shown in Figure 3 . During the start-up period, ammonia nitrogen in the effluent of aerobic filter was as high as 15 mg/L, however, it removed about 95% after 10 days operation with no relation to the influent ammonia concentration (Figure 4) . The actual ammonia concentration entering the aerobic filter was about 15 mg/L at recycle ratio of 200%, and it fluctuated in the range 10-20 mg/L. This relatively stable ammonia input to the nitrification stage kept nitrification efficiency high and stable. Several scattered data in Figure 3 indicate unexpected inhibition effects of the influent raw sewage. The similar inhibition in nitrification was also monitored in the sewage treatment plant during the same period. Low COD input to the aerobic filter could increase nitrification efficiency, reduce the start-up period and save the aeration energy in the USB-AF system. Denitrification Figure 5 shows the denitrification process at each stage. Nitrate in the aerobic filter increased gradually to 20 mg/L at recycling ratio of 200% and it decreased to 15 mg/L at recycling ratio of 300%. Nitrate after anoxic filter was below 5 mg/L from the beginning of the experiment, which showed that the denitrification in the anoxic filter installed on top of the USB reactor was stable. Denitrification efficiency of the recycled nitrate in the anoxic filter was about 85% at a recycle ratio of 100%, then it decreased to 83% and 72% at recycle ratio of 200% and 300%, respectively, as shown in Table 4 . The low denitrification efficiency at higher recycling ratio was due to the decrease in real HRT for denitrification as well as the low TCOD/nitrate ratio. COD loading for denitrification was 112, 128, and 76 mg/L that indicated the TCOD/NO 3 --N ratios in the anoxic filter were 6.9, 3.8, and 2.8 at recycling ratios of 100%, 200%, and 300%, respectively. Nitrate in the aerobic filter should be lower at recycling ratio of 300%, which showed nitrogen removal efficiency increased at higher recycling ratio.
T-N removal
T-N removal efficiencies in the USB-AF system were 56%, 68% and 70% at recycling ratio of 100%, 200% and 300%, respectively (Table 4) . T-N removal efficiency improved with increase in the recycling ratio, however, the improvement in T-N removal was not prominent at recycling ratio above 200% as shown in Figure 5 . For the sewage of which influent COD/N ratio was between 2.4 and 7.8 used in this test, the maximum T-N removal efficiency was as high as 70%. Other researchers using the same sewage with different BNR systems showed similar results (Jun et al., 2000) , but USB-AF should provide a more stable performance. T-N removal reached steady state after 10 days operation, while ammonia oxidation required 20 days operation. The average T-N in effluent was about 20 mg/L. More than 95% of the removed T-N occurred in the anoxic filter, while about 5% was removed in the aerobic filter. Larger part of influent TCOD and T-N was removed in the USB reactor, that means most influent organic and nitrogen matters were accumulated in the USB in the form of volatile suspended solid. Little sludge was generated in the aerobic filter during the test, and the depth of the sludge blanket in the USB was gradually increased. T-N removal efficiency was expected to be improved as the sludge blanket depth increased due to the fermentation products.
Conclusions
A new nitrogen removal process was proposed and tested with real sewage. In the USB reactor, the larger part of the influent organic and nitrogen matters were removed, and ammonia was effectively oxidized in the subsequent aerobic filter. The role of the aerobic filter was to convert ammonia into nitrate, an electron acceptor that could convert soluble organic matters into VSS in the USB. The accumulated as well as influent VSS in the USB was finally degraded to fermented products that could be another good carbon source for denitrification. From the results of the research, the conclusions are as follows.
1. TCOD, settleable COD and SCOD of the influent sewage were 325, 80 and 140 mg/l, respectively. 2. Most unsettleable COD as well as some SCOD in the influent was successfully removed in the USB. The TCOD removal in the anoxic filter was by denitrification with the recycled nitrate. 3. The low COD input to the aerobic filter could increase nitrification efficiency, reduce the start-up period and save the aeration energy in the USB-AF system. About 95% of ammonia was nitrified in the aerobic filter with no relation to the influent ammonia concentration. 4. Denitrification efficiency of the recycled nitrate in the anoxic filter was about 85, 83, and 72% at recycling ratios of 100, 200, and 300%, respectively. 5. T-N removal efficiency increased with the recycling ratio, and it was 70% at a recycling ratio of 300%.
